Hepatocyte-based therapy has been proposed as an alternative to organ transplantation in the treatment of liver disorders. In the clinical context, a major issue is the constant supply of quality assurance-controlled hepatocytes, thereby requiring their cold storage in good conditions. We have analyzed the protective effects of alginate entrapment of rat hepatocytes after either 24 or 48 h of hypothermic storage or cryopreservation on the cell viability, cell yield, both mitochondrial and other cytoplasmic functional activities, and apoptosis. Decrease in viability, as evaluated by the MTT inclusion test, was 4% and 13% (24 h at 4°C), 15% and 33% (48 h at 4°C), and 9% and 19% (liquid nitrogen) for entrapped and free suspended hepatocytes, respectively. Viable cell yields were 86 ± 8% and 51 ± 6% for cryopreserved entrapped and free suspended hepatocytes, respectively. The mitochondrial (MTS assay), 7-ethoxyresorufin O-deethylase (EROD), and glutathione-S-transferase (GST) activities were better preserved in entrapped than in free suspended hepatocytes. Both hypothermic storage and cryopreservation were found to induce early caspase-3-like activities, being always much lower in entrapped hepatocytes, particularly after cryopreservation (98.4 ± 42.4 vs. 6.4 ± 4.0 fluorescence arbitrary units/hours/µg protein). Thus, cold-induced apoptosis in hepatocytes can be significantly reduced following their entrapment within alginate gel beads and this is associated with an improvement of both their viability and function.
INTRODUCTION
should be readily available at any time and thus banked in large yields, thereby requiring a reliable and simple storage procedure. Cell therapy is an attractive approach for the treatment of various liver diseases, including fulminant hepatic fail-Cryopreservation is the most commonly used technique for long-term storage of isolated hepatocytes (3, ure, acute decompensation of chronic liver diseases, and metabolic genetic defects. Both human hepatocyte trans-13, 19, 23, 35, 41) . Species differences were reported with a range of 61-75% viability after thawing and reduced plantation (HT) (36) and extracorporeal hybrid bioartificial livers (BAL) containing either human (39) or xeno-percentage of attachment from 30% to 39% (3). Hypothermic storage has also been proposed for the preserva-genic hepatocytes (4, 9) have been proposed as innovative treatments of metabolic diseases (HT) and fulminant tion of isolated hepatocytes (24, 25, 28) . In conventional conditions, that is, hepatocytes suspended either in Lei-hepatitis (HT and BAL). However, a major shortcoming of these alternative treatments is the availability of hepa-bovitz L15 medium containing or not polyethylene glycol (PEG), or in the University of Wisconsin (UW) solu-tocytes, which must be prepared and tested for both safety and function before use and transported from the tion, cell damages were described after 24-48 h at 0-5°C, resulting in decreased viability and function (28) . production site to the emergency care unit. An additional challenge is the unpredictable nature of acute liver fail-Sophisticated conditions of hepatocyte preservation have been investigated, including freezing of cells either ure, which always occurs on an emergency basis. For these reasons, hepatocytes intended for cell therapy on the top of a layer of collagen (22) or within a colla-gen sandwich (17) , and hypothermic storage of hepato-respectively. Cell cultures were maintained at 37°C under 95% air/5% CO 2 for 24 h. cytes in aggregates or spheroids (31) . These procedures resulted in an improvement of the resistance of hepato-Hepatocyte Entrapment cytes to damages induced by either hypothermic storage Hepatocytes were suspended in Leibovitz L15 (Gibco, or cryopreservation; however, they appeared difficult to Paisley, Scotland) containing 2.2% (w/v) low viscosity apply in the clinical context, a situation that requires safe sodium alginate (Sigma, Saint Quentin Fallavier, France), and quality-assured hepatocytes in large yields.
10 mmol/L HEPES, and 0.9% (w/v) sodium chloride at Immobilization of cells within sodium alginate gel is a density of 1.3 × 10 6 viable hepatocytes/ml. Droplets of an attractive technique for their long-term storage in large the suspension were generated using the laminar jet breakyields. Indeed, when embedded in alginate beads, a numup technique (Encapsulator Research, Inotech, Dottikon, ber of cells remain viable and functional, including chon-Switzerland) (32) and gelled for 5 min at room temperdrocytes (20) , fibroblasts and myoblasts (26) , pancreatic ature in a 1.1% (w/v) CaCl 2 , 10 mmol/L HEPES, and islets (32) , parathyroid cells (27) , and hepatocytes, which 0.3% (w/v) sodium chloride solution. Beads of around express most liver-specific functions for several days, 1 mm in diameter were routinely obtained. Hepatocyte including those of biotransformation of endogenous and viability was estimated by the TB exclusion test (5-min exogenous compounds (12, 15) . Importantly, we have incubation) and the MTT inclusion test, followed by previously shown that cryopreserved alginate-embedded their release after 5-10-min incubation in citrate buffer. rat hepatocytes were viable and functional for 4-6 days For further analyses, entrapped hepatocytes were after thawing and that they expressed typical phases I plated at a density of 25-30 beads/well in 96-well plates and II metabolizing enzyme activities at high levels (30) . and 500-600 beads in 35-mm dishes as described above. Interestingly, the procedure is safe and reproducible, and large yields of hepatocytes can be rapidly prepared by Cryopreservation of Free and Entrapped Hepatocytes using an automated equipment (34) . In addition, algi-
The freeze-thaw protocol for free isolated and ennate-entrapped hepatocytes are immunoprotected, and trapped hepatocytes was as previously described (2,12). they were shown to be efficient for the treatment of ex-Briefly, freezing was carried out in L15 medium suppleperimentally induced acute liver failure in pigs when inmented with 2 mmol/L glutamine, 4 µg/ml bovine insuoculated within an extracorporeal bioartificial device (5).
lin, 50 IU/ml penicillin, 50 µg/ml streptomycin, 0.1% In the present study, we analyzed the effects of hypobovine serum albumin, and containing 10% FCS and thermic storage and cryopreservation on the cell yield, 16% dimethyl sulfoxide (DMSO). Aliquots of free and viability, and functional activities of rat hepatocytes enentrapped hepatocytes were distributed in 1.8 ml freeztrapped within sodium alginate beads. We show that ening vials (Nunc, Rockilde, Denmark) and transferred at trapment within alginate gel beads improves the survival −20°C for 12 min, then at −80°C for 2 h, before being and functions of hepatocytes, and protects cells against plunged and stored in liquid nitrogen. In some expericold-induced apoptosis. ments, the caspase inhibitor benzyloxycarbonyl-Val-Ala-DL-Asp-fluoromethylketone, ZVAD-fmk (Promega, Char-
MATERIALS AND METHODS
bonnières-les-Bains, France) was added to the freezing Hepatocyte Isolation medium (50 µmol/L). Hepatocytes were isolated from 180-230-g Sprague-For thawing, vials were placed in a water bath at Dawley male rats by the two-step collagenase perfusion 37°C until ice disappeared; free and entrapped hepatomethod (10) . Hepatocyte viability was estimated by the cytes were gently pipetted and aliquots were transferred trypan blue (TB) exclusion test and by the 3-(4,5-diinto L15 medium containing 0.8 mol/L glucose. After a methylthiazolyl)-2,5-diphenyl tetrazolium bromide (MTT) 2-min incubation period at room temperature, hepatoinclusion test (38) . Animals were handled in full complicytes were suspended in the culture medium, plated, and ance with French regulations and guidelines for humane maintained at 37°C for 24 h, as described above. care of experimental animals.
Hypothermic Storage of Free Hepatocyte Culture and Entrapped Hepatocytes
Free and entrapped hepatocytes were resuspended in Hepatocytes were suspended in Williams E medium (Gibco, Paisley, Scotland) supplemented with 2 mmol/L L15 medium supplemented with 2 mmol/L glutamine, 4 µg/ml bovine insulin, 50 IU/ml penicillin, 50 µg/ml glutamine, 4 µg/ml bovine insulin, 50 IU/ml penicillin, 50 µg/ml streptomycin, and 10% (v/v) fetal calf serum streptomycin, 0.1% (w/v) bovine serum albumin, 10 −6 mol/L dexamethasone and buffered with 0.22% (w/v) (FCS). Viable hepatocytes (4.5 × 10 4 and 10 6 ) were seeded per well of 96-well plates and per 35-mm dish, bicarbonate, at a concentration of 2 × 10 6 cells/ml. Hepa-PROTECTIVE EFFECT OF ALGINATE AGAINST CELL DAMAGE 581 tocytes were stored at 4°C without stirring, in 95% N 2 / 7-Ethoxyresorufin O-deethylase (EROD) and Glutathione-S-Transferase (GST) 5% CO 2 atmosphere, for 24 and 48 h. In some experiments, 4% (w/v) polyethylene glycol (PEG), a potent Conjugation Activities suppressor of ischemia-induced cell swelling, and 50
After 24 h of culture, EROD activity was measured µmol/L ZVAD-fmk were added to the hypothermic storafter incubation of intact free and entrapped hepatocytes age medium. Some free hepatocytes were suspended for with 5 µmol/L ethoxyresorufin, for 30 min using a fluor-5 min at room temperature in a 1.1% (w/v) CaCl 2 , 10 oscan fluorometer (Molecular Devices, Crawley, UK); mmol/L HEPES, and 0.3% (w/v) sodium chloride solu-1.5 µmol/L salicylamide was added to prevent resorufin tion prior to hypothermic storage. For rewarming, L15 conjugation (11) . Fluorescent values were converted to medium was eliminated and hepatocytes were suspended picomoles with a calibration curve of resorufin fluoresin the culture medium, plated, and maintained at 37°C cence and expressed as picomole of resorufin formed for 24 h, as described above.
per minute and 1 × 10 6 seeded viable hepatocytes. GST conjugation activity was determined after 24 h of cul-Measurement of Cell Viability and Yield ture, by incubating cytosolic proteins with 1-chloro-2,4-After storage, hepatocyte viability was estimated by dinitrobenzene (CDNB) and glutathione in 0.1 mol/L TB exclusion test and MTT inclusion test as described phosphate buffer, pH 6.5. The appearance of the conjufor fresh hepatocytes. For free hepatocytes, cell yield gated products was measured by changes of absorbance was calculated. For entrapped hepatocytes, we estimated of the reaction mixture for 3 min at 340 nm. Results that all the hepatocytes initially entrapped in the beads were expressed as nanomole of conjugated products were recovered at the end of the conservation period, formed per minute and 1 × 10 6 seeded viable hepatocytes. and that cell loss (broken beads) was negligible. Under these conditions, calculation of the yield of viable cells Measurement of Caspase-3-Like Protease Activity was in direct relation to their viability.
Fresh and preserved, free and entrapped hepatocytes were harvested, washed with phosphate-buffered saline Light Microscopy (PBS), pelleted, and stored at −80°C. After thawing, he-Appearance of hepatocyte cultures prepared from 24patocytes were lysed in PBS. Protein content was deteror 48-h hypothermically stored and cryopreserved hepamined using the BC Assay kit (Interchim, Montluçon, tocytes were analyzed after 4 and 24 h of culture. To France) and 50 µg proteins were incubated in a caspaseallow proper morphological examination, entrapped he-3-like activity buffer containing 20 mmol/L piperazinpatocytes were observed before and after release by ci-N,N′-bis-(2-ethane-sulfonic acid) (PIPES), pH 7.2, 100 trate buffer treatment for 5 min. mmol/L NaCl, 10 mmol/L dithiotreitol, 1 mmol/L EDTA, 0.1% 3-[3-cholamidopropyl-dimethylammonio]-2-hydroxy-Lactate Dehydrogenase (LDH) Activity 1-propanesulfonic acid (CHAPS), 10% sucrose with 100 LDH activity was defined as the ratio of intracellular µmol/L N-acethyl-Asp-Glu-Val-Asp-aminomethylcou-LDH activity to total LDH activity. LDH activity was marin (DEVD-AMC, Bachem, France). Caspase-3-medidetermined after 3 and 24 h of culture following either ated cleavage of DEVD-AMC peptide was measured by hypothermic storage (24 and 48 h) or cryopreservation, spectrofluorometry using excitation/emission wavelength using the Enzyline LDH standardized kit (Biomérieux, pairs of 380/440 nm. The caspase activity was determined Craponne, France). The catalytic activity of LDH was as fluorescence (arbitrary units) with regard to total prodetermined by measuring the rate of disappearance of teins and incubation time. NADH at 340 nm.
Statistical Analysis Mitochondrial Activity
Numerical values were expressed as means ± SD. After 4 and 24 h of hepatocyte culture, reduction of The Dunnett's t-test was used for estimation of statisti-3-(4,5-dimethylthiazol-2-yl)-5-(3-carboxymethoxyphenyl)cal significance. A value of p < 0.05 was considered sta-2-(4-sulfophenyl)-2H-tetrazolium (MTS) was estimated tistically significant. using the Celltiter 96 AQueous One Solution Cell Proliferation Assay (Promega, Charbonnières-les-Bains, France) RESULTS (38) . Solution reagent (20 µl) was pipetted into each Measurement of Hepatocyte Viability and Yield well of a 96-well assay plate containing free or entrapped hepatocytes in 100 µl of culture medium. After 1 h at Hepatocyte viability was estimated by both the TB exclusion and the MTT inclusion tests. Immediately 37°C in 95% air/5% CO 2 , optical density (OD) was read at 490 nm in 100 µl supernatant. Results were expressed after cell isolation, TB and MTT tests gave a percentage of viability of 84 ± 3% and 86 ± 4%, respectively, which as OD after 24 h of culture/OD after 4 h of culture.
dropped to 66 ± 2% and 69 ± 2% just after embedding Light Microscopy within alginate gel.
Fresh, hypothermically preserved, and cryopreserved When stored in L15 medium at 4°C, the viability of hepatocytes were examined immediately after plating suspended hepatocytes was reduced by 9% and 13% and after 4 and 24 h in culture. Entrapped hepatocytes after 24 h, and 21% and 33% after 48 h in TB and MTT were examined before and after release from alginate assays, respectively ( Table 1) . Entrapment of hepatogel. Hepatocytes were well distributed within beads, eicytes within alginate beads resulted in an improvement ther individually or in small clusters, and retained a of cell viability: the reduction in TB and MTT tests was round shape, following either cold storage (not shown) 3-4% after 24 h and 15% after 48 h. The protective or cryopreservation (Fig. 2) . effect of alginate gel entrapment was confirmed in cryo-After a 24-h hypothermic storage, both isolated hepapreserved hepatocytes: the cell viability was reduced by tocytes and cells released from alginate gels exhibited a 14% and 19% in isolated hepatocytes, and by 6% and similar appearance under phase-contrast microscopy, 4 9% in entrapped hepatocytes, in TB and MTT assays, h after seeding (Fig. 3) . Morphological changes, includrespectively. Addition of either PEG or the caspase ining the formation of blebs, were reversible and hepatohibitor ZVAD had no significant effect on cell viability, cytes spread and formed typical cords after 24 h (Fig. whatever the conditions of storage (Table 1) .
3C, D). Suspended hepatocytes that were hypothermic-Viable cell yields were determined by comparing the ally preserved for 48 h developed multiple blebs, within number of viable hepatocytes initially stored either at 4°C minutes following cell seeding (Fig. 4A ). In contrast, or in liquid nitrogen and the number of viable thawed alginate entrapment resulted in the occurrence of much hepatocytes. Cell yields were comparable for hepatoless and smaller blebs (Fig. 4B ). Both hepatocytes hypocytes either in suspension or entrapped in alginate beads thermically preserved for 48 h and cryopreserved hepaafter 24 and 48 h of hypothermic storage, respectively tocytes (not shown) showed irreversible damages and (90% vs. 95% and 70% vs. 78%). Statistical difference exhibited a significant lower capacity in their ability to was observed between 24 and 48 h of hypothermic storattach onto plastic. age for hepatocytes in suspension and entrapped in algi-Functions of Hypothermically Preserved Hepatocytes nate beads, respectively (90% vs. 70% and 95% vs. 78%) (Fig. 1, top) . After cryopreservation, cell yields were 51 ± Lactate dehydrogenase (LDH) activity was measured in suspended and alginate-entrapped hepatocytes stored 6% for suspended hepatocytes and 86 ± 8% for entrapped hepatocytes (p < 0.01) (Fig. 1, bottom) . Addition of ei-at 4°C and then cultured for 24 h (Fig. 5) . The values were compared to those measured in unpreserved en-ther PEG or ZVAD had no significant effect on cell yields.
trapped cells and in hepatocyte monolayers. 75 ± 7 (9%) 73 ± 1* (13%) 63 ± 5* (21%) 53 ± 8* (33%) 70 ± 5* (14%) 67 ± 5* (19%) L15 + PEG 77 ± 5 (7%) 77 ± 4* (9%) 64 ± 2* (20%) 58 ± 1* (28%) L15 + ZVAD 78 ± 5 (6%) 80 ± 6 (6%) 65 ± 9* (19%) 52 ± 1* (34%) 71 ± 4* (13%) 70 ± 1* (16%) Entrapped 66 ± 2 † 69 ± 2 † L15 63 ± 2 † (3%) 65 ± 2 (4%) 51 ± 4* (15%) 54 ± 5* (15%) 60 ± 7 (6%) 60 ± 9 (9%) L15 + PEG 66 ± 3 † (0%) 66 ± 4 † (3%) 54 ± 4* (12%) 52 ± 5* (17%) L15 + ZVAD 63 ± 2 † (3%) 65 ± 2 † (4%) 57 ± 8* (9%) 52 ± 5* (17%) 61 ± 7 (5%) 62 ± 8 (7%)
Hepatocytes were stored in suspension or entrapped in alginate beads. The storage solution was Leibovitz L15 medium (L15) supplemented with 4% (w/v) polyethylene glycol (PEG) (hypothermic storage only) and 50 µmol/L caspase inhibitor ZVAD-fmk (ZVAD) (hypothermic storage and cryopreservation). Viability was assessed by the trypan blue exclusion test (TB) and by MTT inclusion test (MTT). Data are the mean of percentages ± SD from three independent experiments. The percentage of decrease of the viability of stored hepatocytes compared with fresh hepatocytes is indicated in parentheses. *p < 0.05 suspended and entrapped hepatocytes vs. controls. †p < 0.05 entrapped vs. suspended hepatocytes. In 24-h hypothermically preserved suspended hepato-tocytes). In 48-h hypothermically preserved cells, addition of ZVAD significantly improved MTS activity in cytes, the LDH activity decreased significantly, except when ZVAD was added to the medium. In 48-h hypo-both suspended and entrapped hepatocytes compared with hepatocytes preserved in L15 (0.76 ± 0.11 vs. 0.30 ± thermically preserved cells LDH activity dramatically decreased down to 10-20% of the normal values. En-0.08 and 0.83 ± 0.13 vs. 0.50 ± 0.06, respectively). MTS activity was significantly better preserved in entrapped trapment of hepatocytes resulted in a lower decrease in LDH activity versus suspended hepatocytes. In 48-h hy-versus free suspended hepatocytes: after 24 h, MTS activity was 0.87 ± 0.07, 0.95 ± 0.03, and 0.65 ± 0.04 in pothermically preserved both suspended and entrapped hepatocytes, LDH activity was well preserved when entrapped hepatocytes and 0.75 ± 0.07, 0.82 ± 0.01, and 0.86 ± 0.06 in suspended hepatocytes stored in PEG and ZVAD was added to L15, compared with other conditions.
ZVAD containing medium and in L15 medium, respectively. The difference between suspended and entrapped Mitochondrial activity, as measured by the MTS test, was not significantly different after 24-h hypothermic hepatocytes cultured after 48-h hypothermic storage was not significant, except when stored in PEG-containing storage in suspended and entrapped hepatocytes compared with their respective controls (Fig. 5 ). This activ-medium, which gave a significantly higher MTS activity in entrapped hepatocytes (0.58 ± 0.05 vs. 0.23 ± 0.06). ity showed a significant decrease after 48 h of conservation in L15 and PEG media for suspended and entrapped EROD and GST activities were maintained in 24-h hypothermically preserved hepatocytes, either suspended hepatocytes versus controls (0.30 ± 0.08 and 0.23 ± 0.06 vs. 0.90 ± 0.03 for suspended hepatocytes and 0.50 ± or alginate entrapped and subsequently cultured for 24 h (Fig. 5) . These activities dramatically decreased in sus-0.06 and 0.58 ± 0.05 vs. 0.74 ± 0.03 for entrapped hepa-Cryopreservation had no significant effect on mitochondrial activities in free suspended and entrapped hepatocytes versus corresponding controls (Fig. 6 ). Addition of ZVAD significantly improved MTS activity in cryopreserved entrapped hepatocytes compared with suspended cells (0.95 ± 0.25 vs. 0.61 ± 0.02).
Frozen-thawed suspended hepatocytes showed similar EROD and GST activities compared with their unfrozen counterparts (Fig. 6) . GST activity was significantly increased in cryopreserved entrapped hepatocytes versus controls (31.10 ± 4.18 vs. 25.51 ± 3.63 units). Addition of ZVAD significantly improved GST activity in entrapped hepatocytes versus suspended cells (33.23 ± 3.03 vs. 23.29 ± 5.93 units).
Caspase-3-Like Protease Activity
Caspase-3-like protease activity was significantly increased after either a 48-h hypothermic storage in L15 or a cryopreservation of suspended hepatocytes in the absence of ZVAD, thus indicating a process of apoptosis (Fig. 7) . Consistently, addition of ZVAD resulted in a dramatic decrease in caspase activity. Caspase activity was significantly decreased in both 48-h hypothermically preserved and cryopreserved entrapped hepatocytes in L15 and in the absence of ZVAD, versus suspended hepatocytes, thus indicating a protective effect of the al- Viability and function of hepatocytes after storage are a major issue in cell therapy because these cells must be available in emergency with a quality assurance-based pended hepatocytes after a 48-h hypothermic storage, procedure for their isolation, banking, and transportation down to 5-10% for EROD and 30% for GST of the to emergency care units. In the present study we show normal values, and they were not significantly different that both hypothermic storage at 4°C and cryopreservain entrapped hepatocytes versus corresponding control. tion induce cell damage, including mitochondrial and Addition of ZVAD had no significant effect on EROD other functional alterations, and activation of the caspase activity. GST activity was higher after a 48-h hypothercascade. Importantly, we show that apoptosis of hepatomic storage in ZVAD versus L15, in both suspended cytes can be significantly reduced following their enand entrapped hepatocytes (28.15 ± 1.28 vs. 11.85 ± trapment within alginate gel beads and by addition of 4.15 and 45.16 ± 3.88 vs. 32.62 ± 4.85, respectively).
the caspase inhibitor ZVAD. EROD and GST activities were higher in entrapped ver-Hepatocytes in suspension, with membrane altersus suspended hepatocytes following 24-and 48-h hypoations due to enzymatic digestion, are likely vulnerable thermic storage.
to osmotic changes that occur during freezing and thaw-Functions of Cryopreserved Hepatocytes ing (18) . Furthermore, the fact that in conventional storage conditions the cell membrane is no longer stabilized LDH activity in suspended hepatocytes cryopreserved in L15 and cultured for 24 h was significantly by an extracellular matrix likely contributes to a fragilization of the outer cytoskeletal structure (17, 22) . In the decreased compared with controls (i.e., hepatocyte monolayers) (Fig. 6) . In entrapped cells, the LDH activity was present study, we confirm the beneficial effect of entrapment within an alginate gel on the viability of hepato-significantly higher compared with suspended hepatocytes (52.00 ± 3.00 vs. 44.00 ± 5.00% in L15 and 63.00 ± cytes during cryopreservation. In addition, we show for the first time that this beneficial effect is equally ob-1.00% vs. 45.00 ± 3.00% in L15 + ZVAD); the addition of ZVAD resulted in a significant improvement of this tained during hypothermic storage. Both cryopreservation and hypothermic storage induce cell membrane activity, up to 20%. damage, resulting in decreased viable cell yields and are general features of apoptosis (41). In the present study, beneficial effects of entrapment within an alginate bleb formation [the present study and (29) ]. Alginate gel avoids cell pelleting and might contribute to a stabiliza-gel on cell membrane lesions induced during cold storage and/or rewarming was associated with a well-main-tion of hepatocyte plasma membranes, and thus limits the consequences of both the osmotic shock and me-tained mitochondrial activity and a low caspase-3-like activity. This observation suggests that membrane sig-chanical stress during the successive pipetting. In addition, alginate gel acts as a three-dimensional scaffold for nal(s) might initiate apoptosis process in suspended hepatocytes, during cold storage. Recent studies showed hepatocytes and thus favors their survival and functions (33) . Surprisingly, addition of PEG, which is thought to that integrins, when unligated, can trigger apoptosis (37). This type of apoptosis, termed integrin-mediated death stabilize cell membranes resulting in the absence of bleb formation and cell swelling (21) , was without any signif-(IMD), is biologically and biochemically distinct from anoikis, which is defined as apoptosis induced by inade-icant effect.
In agreement with previous reports (29) , both hypo-quate or inappropriate cell-matrix interactions (8) . IMD requires an initiator, but is not triggered by stress or cas-thermic storage and cryopreservation were found to induce early increased caspase-3-like activity in thawed pase activity. Unligated integrin-induced apoptosis could be reversed by integrin ligation (37). Hypothetically, by hepatocytes and a drop in mitochondrial activity, which FACING PAGE Figure 5 . Hypothermic storage of hepatocytes: intracellular LDH activity, MTS reduction, EROD and GST activities after 24-and 48-h storage at 4°C of either suspended (S) or alginate-entrapped hepatocytes (E) subsequently cultured for 24 h. Storage medium was Leibovitz L15 medium without (L15) or with 4% (w/v) polyethylene glycol (PEG) and 50 µmol/L caspase inhibitor ZVADfmk (ZVAD). Intracellular LDH activity was defined as the ratio of intracellular LDH activity to total LDH activity of hepatocytes. MTS activities were expressed as optical density (OD) after 24 h of culture/OD after 4 h of culture. EROD and GST activities were expressed in picomole resorufin/min/10 6 cells and nanomole conjugated products/min/10 6 cells, respectively. Data are from one typical experiment in triplicate (of three independent experiments). *p < 0.05, suspended and entrapped hepatocytes vs. controls. #p < 0.05, entrapped vs. suspended hepatocytes. §p < 0.05, PEG and ZVAD vs. L15. stabilizing plasma membranes, the alginate gel could sis in cultured hepatocytes (16) . Further study is needed to clarify this hypothesis because not all cells are subject provoke integrin ligation, which disrupts the integrincaspase complex and thus increases survival, thereby re-to IMD, and not all integrins are proapoptotic. Specifically, it would be useful to characterize the integrins vealing an unexpected role for entrapment in alginate bead in the regulation of apoptosis. A similar phenome-expressed by the hepatocytes when interacting with alginate and to investigate the consequences of their ligated non was described by Kawase et al. showing that fructose, used as a ligand of dendrimers, suppresses apopto-or unligated states. Different results have been reported in the estimation for hypothermic storage and/or cryopreservation of hepatocytes from various mammals, including pigs and hu-of both the viability and functions of hepatocytes in a three-dimensional configuration. The number of viable mans (3, 12, 15, 30) . Although the initial quality of human hepatocytes was critical, depending on various factors entrapped hepatocytes can be measured by TB exclusion and MTT inclusion tests, either in intact beads or fol-mainly related to the donors, we have shown that both the survival and attachment on plastic dishes were well lowing cell release from the alginate gel. In the present study, we used the latter method, and we found a 17-preserved when hepatocytes were embedded within alginate beads prior to their cryopreservation, reaching similar 18% viability drop following entrapment, whereas in our previous reports no significant viability loss was observed values to those described in the present study (81 ± 6% and 73 ± 7% 4 and 24 h after thawing, respectively) (3,30). by determining cell viability in intact beads (7, 12) . It is still not clear whether the releasing step is damaging to
The liver-specific functions, including EROD, phenacetin deethylase, tolbutamide hydroxylase, S-mephenytoin hy-the cells or the viability estimation using intact beads is inaccurate and underestimates dead cell number. The droxylase, dextrometorphan demethylase, nifedipine oxidase, and GST were expressed at comparable levels in latter is supported by other experiments showing a viability drop of 20-30% following hepatocyte entrapment both monolayers and thawed alginate-entrapped human hepatocytes (30) . in alginate gel (14, 40) . However, additional data are essential to clarify this point. Wang et al. hypothesized Thus, entrapment of hepatocytes within alginate beads is an attractive procedure for banking hepatocytes in that this was related to calcium toxicity rather than to mechanical damages induced by extrusion of cells from large yields, as well as for the transportation of cells to emergency care units prior to either their transplantation the nozzle of the encapsulator device (40) . Conversely, we found that the viability of hepatocytes maintained in or inoculation within an extracorporeal bioartificial liver. a 1.1% (w/v) CaCl 2 solution during 5 min and then fro-
